Heat capacities and entropies for 76 polybrominated dibenzo-p-dioxins (PBDDs) and 136 polybrominated dibenzofurans (PBDFs) in the gas state have been computed using the density functional theory. Based on the output data of Gaussian, three methods were employed to calculate enthalpies and Gibbs energies of formation of PBDDs and PBDFs in the gaseous state at 298.15 K and 101.325 kPa. To assess the three methods, thermodynamic properties of 16 brominated arenes compounds were first calculated and compared with experimental values. Among the three methods used, method 2 has the smallest average absolute deviation from the experimental data. All values for the heat capacity, entropy, enthalpy and energy of formation of the 76 PBDDs increase, as the number of substituted bromines increases. For isomers of tetrabromodibenzo-p-dioxins, 1, 3, 6, 1, 3, 7, 1, 3, 7, 9 -TeBDD and the most toxic compound 2,3,7,8-TeBDD are more stable than the others, and easier to form during formation process. Comparing with PBDDs, the formation enthalpies and Gibbs energies of PBDF isomers are more variable. The formation enthalpies and Gibbs energies of isomers which have bromine substitutions in 1 and 9 positions are much higher than those of the others.
Introduction
Polybrominated dibenzo-p-dioxins (PBDDs) and polybrominated dibenzofurans (PBDFs) are dioxin congeners, they are persistent environmental contaminations. As concluded by the World Health Organization (WHO), PBDDs and PBDFs are more or less similar to polychlorinated dibenzop-dioxins (PCDDs) and polychlorinated dibenzofuran (PCDFs) in their persistence and toxicity. 1) PBDDs/PBDFs can be formed in various processes, the following potential cases have been identified as the release of PBDDs/PBDFs into environment.
. Formation during disposal and recycling of plastics such as parts of office machine casings, printed circuit boards, scrap of electronic devices and cables. . Formation during energy recovery by incineration of waste plastics and utilizing waste plastics as blast furnace fuel. . Formation from the laboratory thermolysis of brominecontaining flame retardants. . Formation during production of plastic materials and presence in consumer products containing flame retardants, such as resins and polymer products. . Emissions from flame-retarded consumer products. For example, PBDFs were released from television sets, computers or similar appliances. . Presence in fire residues, smoke condensates and gases after fires. Both of experimental fires and accidental fires. . By-products of brominated organic chemicals (including flame retardants). . Formation from the photochemical degradation of brominated organic chemicals. . Presence in automotive exhaust. . Formation during textile processing.
Brominated flame retardants (BFR) and their precursors appear to be a main source of PBDDs/PBDFs. BFR including tetra-bromobisphenol A (TBBPA), polybrominated diphenyl ethers (PBDEs), polybrominated biphenyls (PBBs), and hexabromocyclodecane (HBCD) have been widely used in plastics, textiles, electronic circuitry and other materials to prevent fires, and hold an important market share. For example about 49000 and 64000 ton of BFR were processed in Japan and in USA in 1999, respectively. 2, 3) Recycling activities on these consumer products containing BFR are increasing and becoming more and more important in recent years, due to the formation of PBDDs/PBDFs in case of thermal stress. PBDDs/PBDFs were present in these materials of several recycling stages.
There is much less information on PBDDs/PBDFs than on their chlorinated analogues, and there are very few experimental data on their physical and chemical properties. The analytical methods for separating and identifying the individual brominated congeners are much less advanced than those for their chlorinated analogues, and only few reference standards are available. Current analytical methods are able to quantify total brominated homologue groups and also to detect but not quantify the mixed brominated/chlorinated congeners. Because of the complexity of analytical procedures and lack of reference standards, it has been possible to characterize and determine only a small number of PBDDs/ PBDFs and PXDDs/PXDFs, and only a few of the compounds have CAS registry numbers.
In this study, the thermodynamic properties (heat capacity, entropy, enthalpy and Gibbs energy of formation) in the gaseous state were computed for all 76 PBDDs and 136 PBDFs using density functional theory (DFT) methods with Gaussian 98 programs. 4) The purpose of the study was to obtain a consistent set of thermodynamic values for PBDDs/ PBDFs. The discrepancy between the calculated results and available experimental values for 16 compounds (brominated arenes) is also discussed. The present thermodynamic data are, to our knowledge, the first set of calculated data reported on PBDDs/PBDFs.
30)

Computational Methods
The theoretical calculations using DFT methods were carried out with the Gaussian 98 programs. Becke's threeparameter hybrid functional combined with the gradientcorrelation functional of Lee, Yang and Parr (LYP), denoted B3LYP, was employed in the computations using DFT. The all-electron 6-31G(d) basis set was employed. Geometries were optimized using analytic gradient techniques, i.e. the Berny algorithm with redundant internal coordinates. The stationary points on the potential energy surface were characterized by calculations of vibrational frequencies, which were done analytically at DFT levels. Following the geometry optimization, frequencies were calculated using the same method at a stationary point. The zero-point vibrational energies (ZPE) calculated at the DFT level were scaled by 0.9804. 5) Throughout this paper, all calculations for PBDDs/PBDFs were carried out with B3LYP/6-31G(d) Opt Freq. ''Opt Freq'' means that the frequency is calculated after optimization of molecular geometry.
At present, this computational model level is higher than those which have been applied to calculate the thermodynamic values of dioxin congeners serially. [6] [7] [8] The equations used for computing thermochemical data in Gaussian programs are derived from statistical thermodynamics. Two key ideas of statistical thermodynamics are the Boltzmann distribution and the partition function. The partition function is like a thermodynamic wavefunction, in the sense that it contains all thermodynamic information about the system, just as the quantum mechanical wavefunction contains all dynamic information.
Entropy
The entropy and heat capacity can be directly obtained from the output of Gaussian programs. The equations used for calculating the absolute entropy of molecule are as the following. 9, 10) 
where S trans , S rot and S vib are translational, rotational and vibrational entropy, respectively, which can be calculated by the following equations:
where R is the gas constant (8.31451 JÁmol À1 ÁK À1 ), N is the atom number in a molecule, m is the molecular mass, k is the Boltzmann constant (1:380658 Â 10 À23 JÁK À1 ), h is the Planck's constant (6:6260755 Â 10 À34 JÁs), T is the temperature, p is the pressure, r is the symmetry number for rotation, I is the moment of inertia, and v is the vibrational frequency.
Heat capacity of constant pressure
The heat capacity at constant pressure was calculated using the following relation.
9,10)
where C trans , C rot and C vib are contribution to heat capacity due to translation, rotational motion, and vibrational motion, respectively.
Enthalpy and Gibbs energy of formation
The following equations are employed to calculate the absolute internal energy (U), enthalpy (H) and Gibbs energy (G) of the molecule at 0 K and the specified temperature (T). 9,10)
where E elec is the internal energy due to electronic motion, and E zpe the zero point energy of the molecule at 0 K (a correction to the electronic energy). E trans , E rot and E vib are the thermal energy corrections due to the effects of molecular translation, rotation and vibration at the specified temperature, respectively.
In this study, E elec is computed at the B3LYP level. E trans , E rot and E vib can be rapidly calculated using statistical thermodynamics. All the values of E elec , E zpe , U T , H T and G T are given in Hartrees (atomic units, 1 Hartree = 2625.51 kJÁmol À1 ) by the output of the program. Based on these absolute energy values (U, G, H), enthalpy and Gibbs energy of formation can be calculated by different methods.
Method 1
The enthalpies of formation at 0 K were calculated by subtracting the calculated atomization energies (AED 0 ) from known enthalpies of formation of the isolated atoms. The enthalpies of formation at 298.15 K were calculated by correction to the enthalpies of formation at 0 K. This method is the common theoretical method for calculating the enthalpy of formation used by many studies. 8, [11] [12] [13] For the computation of enthalpies of formation, Curtiss et al. 13) tested seven density functional methods: B3LYP, BP86, B3P86, BPW91, B3PW91 and SVWN with 148 molecules. Of these seven DFT methods, the B3LYP method has the smallest average absolute deviation (13.0 kJÁmol À1 ) from the experimental values.
The calculation procedure is as follows:
where Á f H and Á f G are the standard-state enthalpy and Gibbs energy of formation of the ideal gas, respectively. M stands for the molecule of the compound, X identifies each element which consists of M, and x is the stoichiometric coefficient of the constituent. ðH 298 K À H 0 K Þ X is the formation enthalpy correction from 0 K to 298 K for elements in reference state.
Á f H ðXÞ, S (X, 298 K), and ðH 298 K À H 0 K Þ X are tabulated in Table 1 , cited from the NIST-JANAF Thermochemical Tables. 14)
The Table 2 , all values are in Hartrees. Table 2 Calculated thermochemistry values in gas phase at 101.325 kPa by B3LYP/6-31G(d). (Hartree) 
Method 2
Using B3LYP/6-31G(d), it was found that the enthalpy of formation results for benzene and DD calculated by Method 1 differ greatly from the experimental data. Therefore, a simple method, Method 2, was proposed here.
Because the absolute enthalpy (H) and Gibbs energy (G) values of the molecule can be obtained through theoretical calculation, it is easy to obtain the reaction enthalpy and Gibbs energy for any reaction using these energy values by eqs. (13) and (15) . In another way, the reaction enthalpy and Gibbs energy can be calculated by eqs. (14) and (16), respectively.
Combining these equations and using the experimental data of enthalpy and Gibbs energy of formation for H 2 , Br 2 , and DD, 14, 15) the unknown enthalpy and Gibbs energy of formation values of TBDD can be calculated from the reaction (I) in Fig. 1 . Figure 1 shows the calculation procedure of Method 2 (all reactants and products are in gas state).
The of enthalpy and Gibbs energy of formation values of TBDD calculated from reaction (I) are 68.3 kJÁmol À1 and 148.5 kJÁmol À1 , respectively.
Method 3 (Benson's method)
The third method for estimating the enthalpies of formation is consistent with the group additivity technique developed by Benson. 16) It is a traditional empirical method. Benson group values have been substantially refined during the years, e.g. the CHETAH program 17) by ASTM International predicts thermochemical properties using a modern Benson application. The available values of group contributions to enthalpy of formation given by CHETAH 7.3 are listed in Table 3 . For TBDD
Results and Discussion
To assess the accuracy of the three methods used to predict the enthalpy and Gibbs energy of formation, the thermodynamic properties of 16 compounds (brominated arenes) were first calculated, and compared with available experimental data. Table 4 shows the calculation results of S, C p , Á f H and Á f G for benzene, bromobenzenes, benzoic acid, bromobenzoic acids, naphthalene, and bromonaphthalenes in the standard-state ideal gas at 298.15 K and 101.325 kPa.
As shown, the calculated results of heat capacity and absolute entropy are in good agreement with experimental data, although little such data is available. On the properties of heat capacity and absolute entropy, the calculation results obtained by B3LYP/6-31G(d) seem to be accurate, since Gaussian employs the mature theoretical methods of statistics thermodynamics to compute these two thermodynamic properties, and this computational level is moderate.
In calculating the enthalpy of formation for those compounds, the results by Method 1 differ from the experimental values. The absolute deviations are from (À10:5 to 54.0) kJÁmol À1 , and the average deviation is 28.1 kJÁmol À1 . The reason is the model chemistry (B3LYP/6-31G(d)) employed due to the tradeoff of accuracy and cost is not accurate enough for the absolute internal energy calculation.
The enthalpy of formation values calculated using method 2 are in good agreement with the experimental data of reference compounds. The average absolute deviation from experimental values by method 2 is 4.2 kJÁmol À1 , and the largest absolute deviation is 17.3 kJÁmol À1 . The predicting values using methods 3 are also in reasonable agreement with the experimental. The average absolute deviation from experimental values for Method 3 is 9.8 kJÁmol À1 , and the largest absolute deviation is 27.0 kJÁmol À1 . For the enthalpies of formation of 2,4,6-tribromoaniline and 2,4,6-tribromophenol, both Method 2 and 3 have large differences from the sole experimental values by Allot and Finch. 23) Unfortunately, there is a lack of experimental data for bromobenzene; the reference values of dibromobenzene listed in Table 4 are also estimated values by Olesik et al.
20)
The results show that the traditional Benson's method of group additivity (Method 3) is still one of the most accurate methods for estimating formation enthalpy, and calculation process are very simple and fast.
However, Benson's method can only give a rough correction for cis-trans isomerization empirically. In estimating the enthalpies of isomers, Method 2 is superior to Benson's method, although Method 1 and 2 is far more computationally expensive.
Compared with the selected experimental data, Method 2 has the smallest absolute deviation among the three methods under the condition of B3LYP/6-31G(d). As indicated by Foresman and Frisch, 5) model chemistries that are known to be quite reliable for optimizing geometries can be quite poor at predicting absolute thermochemical properties (such as absolute internal energy U, enthalpy H and Gibbs energy G of the molecule), but such methods could be quite accurate at Table 4 Comparison between calculated thermodynamic parameters and reference data in gas phase at 298.15 K and 101.325 kPa. Table 3 Values a of group additivity contributions to enthalpy of formation of PBDDs. Tables 5 and 6 ).
As the substitute number of bromine increases, all the thermodynamic properties, namely the heat capacities, the absolute entropies, the formation enthalpies and the formation Gibbs energies, of gaseous PBDDs and PBDFs increase.
For predicting enthalpies and Gibbs energies of formation of PBDDs, the values obtained by Method 2 and Method 3 are in good agreement, except heptabromodibenzo-p-dioxins and octabromodibenzo-p-dioxin. For low brominated dibenzofuran, the enthalpies and Gibbs energies of formation values predicted by Method 2 and Method 3 are also in reasonable agreement.
The predicted enthalpy of formation values for low brominated (Br substitution number less than 4) dibenzo-pdioxins and dibenzofuran by Method 1 are higher than those by Method 2, and the estimated values for high-brominated (Br substitution number greater than 4) dibenzo-p-dioxins and dibenzofuran by Method 1 are lower than those by Method 2. The values of Gibbs energy of formation thus have the same tendency.
Because of the lack of experimental data, the corrections for cis-trans isomerization used in Method 3 for PBDDs/ PBDFs are very rough, and the level sequence of energies of isomers is different from that predicted by Method 1 and Method 2, especially for PBDFs. In fact, Benzon's method cannot distinguish energy differences among isomers.
Among 22 isomers of tetrabromodibenzo-p-dioxins, the Gibbs energies of 1,
1,3,7,9-tetrabromodibenzo-p-dioxin (1,3,7,9-TeBDD), and 2,3,7,8-tetrabromodibenzo-p-dioxin (TBDD, the most toxic compound in PBDDs) are lower than those of the other 18 isomers. It means that these 4 isomers are more stable, and easier to form during formation process.
In the same way, 2,7-DiBDD and 2,8-DiBDD are easier to form than the other 8 isomers of dibromodibenzo-p-dioxins. Comparing with PBDDs, the formation enthalpies and Gibbs energies of PBDF isomers are more variable. The formation enthalpies and Gibbs energies of isomers which have bromine substitutions in 1 and 9 positions are much higher than those of the others. The reason is that the bromine atoms in 1 and 9 positions are close. The distance between the two bromine atoms in 1 and 9 positions is about 3:3 Â 10 À10 m, it is in the same level with the distance between adjacent bromine atoms (ortho) in the same benzene ring.
The Gibbs energies of 1,7-dibromodibenzofuran (1,7-DiBDF), 1,3,7-tribromodibenzofuran (1,3,7-TrBDF), 1,3,6,8-tetrabromodibenzofuran (1,3,6,8-TeBDF), 1,3,4,6,8-pentabromodibenzofuran (1,3,4,6,8-PeBDF) and 1,3,4,6,7,8-hexabromodibenzofuran (1,3,4,6,7,8-HxBDF) are the lowest among their isomers, respectively. 1010 X.-W. Li, E. Shibata and T. Nakamura Table 6 Evaluated thermodynamic properties of gaseous PBDFs from 298.15 K to 1500 K at 101.325 kPa. 1012 X.-W. Li, E. Shibata and T. Nakamura
Conclusion
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